A novel procedure for calculating the dynamic response of elastic solid structures is presented. The ultimate aim of this study is to develop a consistent set of finite volume (FV) methods on unstructured meshes for the analysis of dynamic fluid-structure interaction (FSI). This paper describes a two-dimensional (2D) FV cell-vertex based method for dynamic solid mechanics. A novel matrix-free implicit scheme was developed using the Newmark method and dual time step algorithm and the model is validated with a 2D cantilever test case as well as a 2D plate one.
In recent years, a few research groups have been developing and evaluating their computational methods, including both CFD and CSD ones, by using unique FV methods [1] [2] [3] [4] . A new matrix-free implicit unstructured multigrid finite volume (FV) solver for structural dynamics was presented by Xia et al. [3] for incompressible flow FSI computation and a similar method was developed by Lv et al. [4] for compressible flow FSI simulation. It becomes much convenient that when solving fluid-structure interaction problems, the solution procedures in the solid and fluid domains are compatible in respect of:
• the mesh structure and element order as well as control volume construction;
• the method of spatial discretisation and time discretisation;
• the method of multigrid parallel and residual smoothing;
• the two-way exchange of information at the fluid-structure interface. The CSD solver in the FSI package mentioned above has been validated by using classical 2D and 3D cantilever problems. It is shown that very accurate predictions of the fundamental natural frequencies of the problems can be obtained by the solver with fast convergence rates. However, the use of velocity as an unknown variable in the CSD governing equations makes it difficult to specify displacement boundary conditions, such as fixed value condition and slip condition. In this paper, the governing equations are transformed and discretized with displacement as an unknown variable, but not velocity. Moreover, in order to avoid the unstable characteristics of the current numerical scheme, the Newark method is employed in the FV method.
The governing equations for structural dynamics based on the continuum model are the Cauchy's equations with damping term in compact form:
where is the body stress vector. ρ is the material density. is the viscous damping coefficient.
Eq. (1) is discretized on an unstructured triangular grid and a cell-vertex scheme is adopted here, i.e., all computed variables in vector are stored at vertices of the triangular cells. For every vertex, as shown in Fig. 1 , a control volume is constructed around each vertex as exemplarily shown for a vertex P in Fig. 1 . Each triangular cell is divided into three areas by connecting its center with the centers of its edges. Fig. 1 . Construction of control volume within a triangle for a node P An Edge-based Upwind biased scheme, dual time step algorithm, implicit matrix free strategy, as well NewMark method are used during the discretization.
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A standard problem in structural mechanics is that of a fixed-free cantilever supporting an applied load at the free end [1, 4] . The fixed-free cantilever is shown in Fig. 2 , where =2 , is the breadth, =20 , is the length of the cantilever and F the applied load. This test case requires no such displacement or distortion at the fixed end of the cantilever, hence at = the displacement at the free end of the cantilever is given according to Fenner [5]:
The fixed-free cantilever has a load of 200 at the free end, as depicted by Fig. 2 . Eq. (2) gives the static displacement in y direction at the tip of the cantilever as 0.08 .
Before embarking on a dynamic problem, a grid convergence study for the static displacement problem is carried out. The domain is meshed using triangular elements. The following five meshes are studied for increasingly higher mesh density:
Coarse mesh, 20*2 elements and 33 nodes. First refinement, 40*4 elements and 105 nodes. Second refinement, 80 *8 elements and 369 nodes. Third refinement, 100*10 elements and 561 nodes. Final refinement, 200*20 elements and 2121 nodes. For all of the grids the simulation is performed by exerting the same load on the right tip of the cantilever until the solution is converged. The percentage errors in the y displacement are shown in Fig. 3 , where percentage errors of less than 5% for the second refined mesh and less than 0.5% for the final mesh are observed. 
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& . The second test case is to simulate stress concentration around a circular hole within an infinitely large thin plate loaded by uniform tension in one direction (in Fig. 4) . If the radius of the hole is small compared to plate dimensions, then an analytical solution, obtained for an infinitely large plate, describes accurately the stress distribution.
After mesh convergent work, the numerical results obtained by the above two treatments plus analytical solution have been shown in Fig. 5 . This paper describes the development of a second-order FV method, its validation and application to stress analysis. The combination of arbitrarily unstructured meshing and FV iteration algorithm results in a fast and memory-efficient solution algorithm. The discretization stems directly from the integral form of the governing equation over the CV and is therefore conservative in nature and simple to understand and extend to non-constant material properties or non-linear constitutive relations. Furthermore, the non-linearity can be treated naturally with only a modest increase in computational cost, as the solution procedure already iterates over the system of equations. Careful discretization will allow us to produce an efficient and integrated procedure with a fluid dynamic solver which is also developed by using same discretization method. Further research will be needed to achieve the objective of developing fast and reliable fluid and structural interaction solvers that could compete with the well-established finite element method.
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